Heat transfer enhancement technology has the aim of developing more efficient systems as demanded in many applications. An available passive method is represented by the employ of rough surfaces. Transversal turbulators enhance the heat transfer rate by reducing the thermal resistance near surfaces, because of the improved local turbulence; on the other hand, higher losses are expected. In this paper, a numerical investigation is carried out on turbulent water forced convection in a ribbed channel. Its external walls are heated by a constant heat flux. Several arrangements of ribs in terms of height, width, and shape are analyzed. The aim is to find the optimal configuration in terms of high heat transfer coefficients and low losses. The maximum average Nusselt numbers are evaluated for dimensionless pitches of 6, 8, and 10 according to the shape while the maximum friction factors are in the range of pitches from 8 to 10.
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that range from two-equation models to large eddy simulations LES for the velocity field, a rather simple heat transfer turbulence model based on the Reynolds analogy, that is, heat momentum transport similarity, via a turbulent Prandtl number, is used for the temperature field. Simulations indicated the importance of roughness geometry and pitches on the heat transfer mechanics, with optimal dimensionless spacing in the range 8-14, as underlined by Slanciauskas 27 . Liou et al. 28 performed a comparison between an experimental and a numerical investigation on the heat transfer and the air flow behaviour in a rectangular channel with streamwise periodic ribs mounted on one of the principal walls. They concluded that the flow acceleration and turbulence intensity are two major factors influencing the heat transfer coefficient and they found the optimum in terms of heat transfer coefficient enhancement for the pitch to rib height ratio equal to 10. Rau et al. 29 experimentally confirmed optimum pitch to rib height ratio equal to 9. Hence, their investigation reveal that not only the rib geometry but also its geometry arrangement play a vital role in enhancing the heat transfer coefficient, as pointed out by Wang and Sundén 30 . They underlined that the local heat transfer was strongly dependent on the rib shape, for example regarding the region just downstream the rib. However, their results are in contrast with the results provided by Ahn 31 who evaluated the best heat transfer performances for the triangular-shaped ribs studied, in fully developed regime. Several turbulence models and their improvements have been recently proposed. Ryu et al. 32, 33 solved the Reynolds-averaged NavierStokes equations, coupled with the k-ω turbulence model with near-wall treatment, by a finite-volume method. They studied both the thermal and fluid-dynamic behaviours of turbulent flows with two-dimensional ribs and three-dimensional blocks in the context of rough surfaces. Elements were square, triangular, semicircular and wavy wall-shaped ribs with a dimensionless height equal to 0.1, finding that the maximum resistance occurs at pitch to height ratio below 10. Chaube et al. 34 confirmed the good matching between the predictions by SST k-ω turbulent model and experimental results and they underlined the significant enhancement of the heat transfer in comparison to that for a smooth surface even for small Reynolds numbers.
This work extends the investigation carried out in 35 about a two-dimensional channel with differently shaped ribs. In particular, the working fluid is water instead of air because a few literature data has been carried out at this time. The ribs are obtained on the principal walls, heated by a constant uniform heat flux. The main aim of the present analysis is to analyze the flow and the heat transfer characteristics of the ribbed channel by means of Fluent code v6.3 36 . The ribs are provided on the heated walls. A large amount of friction and heat transfer data, for different values of the dimensionless pitch and height with square, rectangular, trapezoidal and triangular shape ribs, has been generated for Reynolds numbers in the range between 20000 and 60000.
Governing Equations
A computational fluid-dynamic analysis of a two-dimensional channel model, provided with differently shaped ribs, as reported in Figure 1 , is considered in order to evaluate its thermal and fluid-dynamic behaviours and study the temperature and velocity fields. A constant uniform heat flux is applied on the external channel walls. Different inlet velocities are considered in the ranges of turbulent regime and the working fluid is water with constant properties. The Shear-Stress Transport SST k-ω turbulence model has been adopted and its equations are reported below in the form, developed by Menter 37 :
where G k is the production of turbulence kinetic energy due to mean velocity gradients, G ω represents the generation of ω:
where ν t is the kinematic turbulent viscosity and β * a model constant; α is given by
where R ω 2.95. β ı 0.072 and α is represented by
Journal of Applied Mathematics where κ 0.41. In the High-Reynolds number form, α α ∞ 1.0. Γ k and Γ ω represent the effective diffusivity of k and ω:
where σ k and σ w are the turbulent Prandtl numbers for k and ω, respectively,
, The working fluid is water and the assigned boundary conditions are the following:
i inlet section: uniform velocity and temperature profile, ii outlet section: outflow, iii duct walls: velocity components equal to zero, iv external duct walls: uniform heat flux.
Geometrical Configuration
The two-dimensional model, depicted in Figure 1 , represents a channel with a length, L, equal to 250 mm while its height H is set equal to 10 mm and width W is 1000 mm; the hydraulic diameter is equal to 20.0 mm. The 3 mm thick wall is made up by aluminium and a constant heat flux equal to 10 kW/m 2 has been applied on the external surfaces. Square, rectangular, triangular and trapezoidal ribs are mounted on the internal principal walls and they are characterized by different geometry ratios as depicted in Figures 1 b and 1 c . The roughness parameters are determined by the height e , pitch p width w and shape of turbulators. These parameters identify the families of geometrically similar roughness and they can be expressed in the form of the following dimensionless parameters: 
Numerical Model
The governing equations are solved by means of the finite volume method. The working fluid is water and its properties are considered constant. In Table 2 the values of density, specific heat, thermal conductivity and dynamic viscosity, obtained by Rohsenow et al. 38 , are given. A steady-state solution and a segregrated method are chosen to solve the governing equations, which are linearized implicitly with respect to dependent variables of the equation. A second-order upwind scheme is chosen for energy and momentum equations. The SIMPLE coupling scheme is chosen to couple pressure and velocity. The convergence criteria of 10 −5 and 10 −8 are assumed for the residuals of the velocity components and energy, respectively. It is assumed that the incoming flow is turbulent at ambient temperature, T a 293 K, and pressure. Different inlet uniform velocities, u in , equal to 0.85, 1.28, 1.70, 2.13 and 2.56 m/s, corresponding to Reynolds numbers ranging from 20000 to 60000, were considered. Furthermore, the inlet turbulence intensity value is set to 1%. Along the solid walls no slip condition is employed whereas a velocity inlet and outflow conditions are given for the inlet and outlet surfaces. The boundary conditions in the mathematical forms are given in Table 3 and the initial conditions for temperature and velocity are T a and u in , respectively. Four different grid distributions are tested, to ensure that the numerical results were grid independent for the channel with rectangular ribs, with p/e 20, e/d 0.05, and w/e 0.5. They have 27000, 55400, 108100, 189900 and 385000 nodes, respectively. The grid mesh is structured in each case and optimized taking into account the grid adoption for y 1 at adjacent wall region. The sketch of the chosen grid distribution is reported in Figure 2 . The third grid case has been adopted because it ensured a good compromise between the machine computational time and the accuracy requirements. In fact, comparing the third and fourth mesh configurations, in terms of wall average temperature, mass-weighted average outlet temperature, average outlet velocity and pressure drops, the corresponding percentage relative errors are 0.9%, 0.3% and 1.5%, respectively.
Results are validated by comparing the obtained numerical data with the literature ones in terms of average Nusselt numbers and friction coefficients, in the case of smooth channel and ribbed one 3, 22, 39 . For the smooth channel the following correlations are adopted and the comparison is depicted in Figure 3 . for 0.5 < Pr < 120, 6.0 × 10 
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Results and Discussion
Results are presented in form of graphs depicting the average Nusselt number, friction factors and required pumping power at different dimensionless pitches, heights and ribs shapes, and Reynolds numbers, and also temperature fields and streamlines contours for some significant cases are given. Ribs are characterized by square, rectangular, trapezoidal and triangular shapes with different values of w/e ratio. Figure 4 presents the profiles of the ratio Nu av /Nu av,s in order to describe the heat transfer rate improvement of the ribbed configuration compared to the smooth channel. Results are reported as a function of p/e ratio for square, rectangular, triangular and trapezoidal ribs, with e/d equal to 0.05 at Re 20000, 30000, and 60000. In Figure 4 a , it is observed that the profile for square-ribs increases from the lowest values of p/e, attaining the maximum value at the dimensionless pitch of 8; then, it decreases for further increases in the pitch values. This behaviour may be noticed for all the considered Reynolds numbers; moreover, Nu av /Nu av,s ratio tends to increase as Re increases. In fact, Nu av /Nu av,s 1.97, 2.03, 2.05 at p/e 8 for Re 20000, 30000, and 60000, respectively. Figure 4 b is referred to the rectangular ribs and it shows that the shape with w/e 0.5 is characterized by more significant thermal performances compared to the elements with w/e 2.0. The maximum values are attained at p/e 10. The triangular ribs exhibit the highest thermal performances. Maxima are observed for p/e 6, where Nu av /Nu av,s 2.60 and 2.58 at Re 60000, for w/e 2.0 and 1.0, respectively. Lower Nusselt number augmentation ratios are detected for the trapezoidal ribs, which show the maximum values at p/e 10, like the rectangular ones but the thermal performances are slightly improved. For all the considered configurations, although the rib-surface area increases, the heat transfer rate does not grow in such evident way; this result suggests that the primary cause for the enhancement is the strong turbulent motion induced by the ribs.
Nu av /Nu av,s ratio decreases by reducing the height of the rough elements, as reported in Figure 5 . results in terms of friction factor are confirmed, as depicted in Figure 6 , which shows the results in terms of friction factor as a function of p/e at Re 20000, 30000, and 60000, and e/d equal to 0.05 for different shapes. The square turbulators show in Figure 6 a that for p/e < 10 the friction coefficient ratio, referred to the smooth channel, increases rapidly as relative roughness pitch augments; f factor reaches for the maximum value at p/e 10 and Furthermore, the friction factor, f, decreases as dimensionless height reduces and, in fact, at e/d 0.02, f values are 2-3 times lower than ones, obtained for ribs with e/d 0.05. This behaviour is described in Figure 7 which is referred to Re 40000. The most significant differences are observed for the rectangular and trapezoidal ribs, as reported in It is significant to underline that the maximum values of average Nusselt number and friction factor are attained at about the same value of p/e ratio for all the considered Reynolds numbers for each configuration. Moreover, the highest values of friction factor are observed near the values of pitch, where the highest Nusselt numbers are evaluated. PEC index is introduced in order to summarize the results and give a method to evaluate and compare the efficiency of different rough elements. As described in 3 , it is defined as PEC Nu av /Nu av,s / f/f s 1/3 . Results in terms of PEC index are reported in The dependence on Reynolds number of average Nusselt number and friction factor is presented in Figure 10 . Results are given at e/d 0.05 in the range of Reynolds numbers from 20000 to 60000 in correspondence with significant p/e ratios. Average Nusselt number grows linearly as Reynolds number increases for all the considered configurations, as shown in Figure 10 a . The most significant thermal behavior is provided by the triangular ribbed channel with w/e 2.0 while the lowest average Nusselt numbers are detected for the rectangular ribbed case with w/e 2.0. At Re 20000 average Nusselt number is at least 1.8 times greater than the value calculated for the smooth channel while, for the most improved configuration, a growth of about 2.6 times is calculated. In Figure 10 b it is noticed that at low velocities the friction factor coefficient tends to increase as Reynolds number increases rapidly until Re 40000. From this value of Re, the profile seems to tend to an asymptotic, constant value, termed fully rough condition, which depends on the height of the roughness. The introduction of the ribbed elements in the channel yields to higher friction factor. The highest values are evaluated for the triangular shape with w/e 1.0 while the lowest are detected for the rectangular shape with w/e 2.0 and for trapezoidal ones. At Reynolds number equal to 60000 the friction factor is 7 times greater than the value referred to the smooth duct at least and 18 times at most.
The required pumping power increases more than linearly as Reynolds number increases as depicted in Figure 11 a ; furthermore, it is equal to about 13 times greater than the smooth channel one at most and 8.5 times at least at Re 60000, as shown in Figure 11 b .
Figures 12 and 13 depict the flow pattern in the interrib region at Re 20000 and 60000 for different shapes, such as square, rectangular with w/e 0.5, triangular with w/e 1.0 and trapezoidal ones, in order to clearly show the eddy formation, adjacent to the rib when the flow is stabilized for small pitches. The stabilization happens after 4-5 ribs, such as when the vortex structures tend to repeat almost similarly from this zone. Figure 12 a refers to the behavior at lower pitch ratio p/e < 6 for a square-ribbed channel at Re 20000 and 50000. It exhibits a d-type roughness behavior: a single eddy is trapped between adjacent ribs and hinders the heat transfer. As a result, the outer flow is relatively disturbed by the roughness elements. The letter d denotes the significant length scale, linked to the boundary layer thickness, channel hydraulic diameter or channel height. Pressure drops are relatively high and the heat transfer enhancement low. A similar behavior is detected for the other shapes ribs as shown in Figure 13 a the cell between two adjacent ribs also for Re 50000, except for the triangular elements in which the entrapment of fluid, due to the adjacent turbulators, is lower. Moreover, vortex intensity augments as Re and e/d ratio increase as described in Figures 12 a and 12 b . Figures 12 b and 13 b depict the stream function contours for square-ribs at Re 20000 and 50000 and rectangular w/e 0.5 , triangular w/e 1.0 and iso trapezoidal ones at Re 50000, respectively, for p/e > 6. They clarifies the k-type roughness behavior: the value of p/e increases and the stream functions change; the y-velocity gradient reduces along the fluid direction and the flow separates then it reattaches after six-to-eight rib heights downstream from the turbulators. Near this point, the Nusselt number is expected to be maximum as well as the friction factor. The length scale for k-type is the roughness height and the eddies penetrate into the bulk flow toward boundary layer, promoting a more intense turbulent mixing. Figure 14 reports the dimensionless temperature fields for significant pitches at Re 50000 for the configuration with square, rectangular w/e 0.5 , triangular w/e 2.0 , iso and rect trapezoidal ribs, characterized by e/d 0.05. Dimensionless temperature, T * , is defined by the following relation: p/e 8. In the figure on the left, the fluid temperature is very high near the rib-wall juncture behind the turbulator but the fluid in the core region is poorly influenced, because of the recirculation entrapped into the interrib zone. For p/e 8, such as for a configuration which exhibits a k-type behaviour, the mixing effects are stronger and the average temperature also in the core region is higher; as a result, the difference between the average temperature of fluid and wall decreases and the heat transfer mechanism becomes more efficient, as also described for the rectangular shape w/e 0.5 at p/e 10, iso and rect trapezoidal turbulators at p/e 10. The triangular elements show the best thermal performances also for low values of pitches in comparison with the other shapes, such as at p/e 6; in fact, low values of p/e does not badly affect the heat transfer mechanism, because of water conductivity and rough element geometry, as noticed for the other shapes of turbulators. Moreover, figures show that the temperature is lowest on the windward face of the rib, and highest on the leeward face, while heat flux is highest on the front face and lowest on the back face.
Conclusions
In this paper, a ribbed channel with square, rectangular, triangular, and trapezoidal turbulators, characterized by different geometric ratios and heights has been analyzed by means of FLUENT code. The external walls are heated by a constant heat flux and the flow regime is turbulent. The aim of the investigation consists into find out the optimal pitch of ribs at different Reynolds number, between 20000 and 60000, in order to ensure the maximum heat transfer rate and contain losses.
Simulations show that maximum average Nusselt numbers are detected in correspondence with p/e ratio equal to 6, 8, and 10, for triangular, square, rectangular and trapezoidal ribs, respectively. The average Nusselt number values increase as Reynolds number and e/d grow and they are at most equal to 2.6 times greater than the smooth channel results. Furthermore, the friction factor is the highest at p/e 10 for the rectangular, trapezoidal and square-ribs while the triangular ones show the maximum values at p/e 8; it increases as Re and e/d increases as well as the required pumping power. For Re > 40000 an asymptotic behavior is detected. The most significant thermal performances are provided by triangular ribs with w/e 2.0, while the weakest ones are detected for the rectangular shape with w/e 2.0, which present the lowest friction factor values, on the other hand. Finally, temperature fields and stream function contours are given in order to visualize the temperature distribution and flow pattern in presence of d-type and k-type roughness behavior also for triangular ribs.
Nomenclature

A:
Cross section area m Duct thickness m T:
T e m p e r a t u r e K u:
Velocity component m/s W: channel width m w:
R i bw i d t h m x, y:
Spatial coordinates m .
Greek Symbols
λ: Thermal conductivity W/mK μ: Dynamic viscosity Pa s ρ: Density kg/m
